DOI: 10.1002/smtd.201700205 tools (ribosomes), [4] or as nanopores for information processing (e.g., ion channels). [5] Life sciences strive to determine how these proteins fulfill their tasks, and, eventually, use this knowledge to improve our life (e.g., build photosystem-inspired solar cells [6] and fuel cells, or pinpoint best candidates for vaccines). [7] Nearly always, specific binding is at the center of a protein's performance: driven by Brownian motion, all interactions are "tried out," until a matching partner is found. This technical feature is exploited in all the array-based research. By placing many different molecules onto a 2D support, thousands or even millions of different experiments are easily performed by incubating this array with a binding partner, e.g., an antibody or an enzyme. [8] Büssow et al. were the first to produce protein arrays. [9] They spotted bacterial clones onto nitrocellulose sheets to express unpurified protein fragments from a cDNA library and stained them with sera from autoimmune patients. Yet, difficulties arise due to different expression yields for individual protein fragments and contaminations with bacterial proteins. Therefore, some laboratories synthesized large libraries of oligonucleotides in the array format and expressed them in vitro without employing any cell. [10] These groups introduced some level of in situ purification, i.e., expressed protein fragments were attached to the support via a specifically binding ligand. Yet, the drawbacks of high-density protein arrays are high costs, misfolded proteins, "wrong" posttranslational modifications, stability issues, specific epitopes are able to conceal each other, and only a limited number of proteins is available. Nevertheless, protein arrays with >9000 proteins per slide are commercially available (e.g., ThermoFisher ProtoArray, RayBio Protein Array). They can be used to investigate cancer immunogens, [11] autoimmune [12] or infectious diseases, [13] or to develop new drugs. [14] However, aforementioned technical difficulties prohibit most array screenings that demand functional proteins. Ronald Frank, Stephen Fodor, and Edwin Southern were the ones who pioneered the combinatorial synthesis of oligonucleotide and peptide arrays. [15] Such peptide arrays were used to map the binding site(s) of monoclonal and polyclonal serum antibodies, [16] to determine enzymatic activities, [17] to monitor health states, [18] to determine autoantigens, [19] and for binding studies with cells. [20] By now, Microarrays are an important tool in modern research that allow the rapid screening of many different interactions simultaneously. Peptide arrays, which bear different peptides arranged in separate spots, permit highthroughput screening to investigate linear and cyclic binding sites. To study conformational or discontinuous binding sites, protein arrays are the major choice. However, the tremendous costs for the generation of high-density protein arrays of high purity restrict progress in protein research. Therefore, peptide-based arrays, which can mimic assembled peptide structures, have an enormous potential. Here, a method is presented to create such structures in the array format as an alternative to protein arrays. A trifunctional linker is developed with an azide, a protected alkyne, and a carboxyl group, which can react with two or three different peptides. Due to the spatial proximity, the peptides interact and can form an assembled peptide structure. As a proof of concept, assembled peptide structures are demonstrated on beads and on a polymer surface and the approach can be validated via matrix-assisted laser desorption/ionization spectrometry. Furthermore, a multistep transfer of peptide arrays is shown, generating purified assembled peptide structure arrays in high density.
Peptide-Based Arrays
Proteins are the most versatile molecules in the living world. They are used as structural elements (e.g., actin filaments), [1] as sensors (e.g., steroid receptors), [2] as transporters (e.g., hemoglobin), [3] as nanodimensioned, digitally programmed machine www.advancedsciencenews.com www.small-methods.com the production of (linear) peptide arrays is much more matured when compared to protein arrays, but it is still challenging to mimic correctly folded 3D structures of proteins. Conformational epitopes ( Figure 1A) can be mimicked by screening circular peptides that are commercially available (e.g., PEPper-PRINT, [21] JPT, [22] or PEPSCAN [23] ). The CLIPs technology by PEPSCAN ( Figure 1B ) is a sophisticated approach, which also allows for the investigation of conformational and discontinuous binding sites ( Figure 1A ). Peptides are forced into one particular subset of conformations via a linker with benzyl bromide groups in a selective reaction with thiols of specific peptide side chains ( Figure 1B) . [24] However, additional orthogonal protecting groups for all thiols must be introduced to prevent reactions with the linker. To study conformational binding sites, Hoffmüller and coworkers [25] developed the duotope scan method: a linker connects two peptides in a specific distance ( Figure 1C ), similar to the native 3D protein epitope structure, so that the flexibility for the correct folding is given. Yet, the method relies on the SPOT-synthesis, [15a] which permits only low-density arrays without purification. Espanel et al. [26] developed a method to synthesize multiple peptides in one spot by using 2-4 different protecting groups. This allows for an orthogonal cleavage of the protecting groups and peptides can be synthesized successively ( Figure 1D ). However, due to spatially random assembly of peptides, the approach of Espanel et al. does not allow for a defined distance of neighboring peptides, which is a prerequisite to mimic proteins with assembled peptide structures.
Here, we present a new method to create high-density arrays of assembled peptide structures that are based on arranging several peptides at a defined distance to each other. We developed a trifunctional linker (Figure 1E ,F; Scheme S1 and Figure S2 , Supporting Information) with three different functional groups: a carboxylic acid, an azide, and a protected alkyne. The alkyne was protected with a silyl group to prevent the click chemistry with itself. This allows us to create assembled peptide structures with up to three peptides ( Figure 1G ), which give the possibility to mimic conformational and discontinuous binding epitopes. Moreover, using an alkyne and an azide as functional groups permits us to employ peptides www.advancedsciencenews.com www.small-methods.com without additional orthogonal protecting groups. To generate assembled peptide structures, first, the carboxyl group of the linker is reacted with the free amine of a surface, followed by the coupling of a second and third peptide via copper-catalyzed azide-alkyne click reaction (CuAAC) [27] ( Figure 1G ). Thereby, we generated structures of two or three peptides: the carboxyl group of the linker is coupled to a surface, which may or may not bear another peptide. As a proof of concept, an assembled peptide structure with three different peptides was synthesized onto beads and detected via matrix-assisted laser desorption/ ionization (MALDI) mass spectrometry after cleavage ( Figure S4 , Supporting Information). To validate the approach in the array format, we built the assembled peptide structures onto a 10:90-poly(ethylene glycol) methacrylate (PEGMA)-co-methyl methacrylate (MMA) [28] surface and verified the assembly via MALDI (Scheme S6, Supporting Information). Low-density arrays can be generated via SPOT-synthesis by using standard solid phase chemistry with amino acids to synthesize peptide #1, #2, and #3 successively. For example, azidopropylamine could be used to connect peptide #2 to the linker and propargylamine for peptide #3. However, this method is time consuming, and steric effects minimize the yield or prevent a complete synthesis, and also causing unpurified assembled peptide structures (i.e., truncated sequences) to accumulate. For the synthesis of high-quality assembled peptide arrays, purified peptides are necessary, which would make the synthesis very expensive.
Therefore, we followed a multistep process, which allows for the simultaneous transfer and purification of peptides in the array format to an acceptor surface without loss of spatial resolution. This enables us to generate purified assembled peptide structure arrays from cost-saving unpurified peptide arrays. For this purpose, linker molecules are required, which allow the peptides to be cleaved without lateral diffusion: we chose the FmocPhoto-Linker, which is cleaved with UV-irradiation, and the FmocRink-Amide-Linker, which is cleaved in trifluoroacetic acid (TFA) vapor. For a proof of concept, we used a planar microscope glass slide functionalized with 10:90-PEGMA-co-MMA. For the detection of the successful transfer, we used three different side chain protected peptide epitopes: an HA (human influenza hemagglutinin) [29] variant (amino acid sequence: GSYPYDVPDYAGS), a FLAG (DYKDDDDK) [30] variant (amino acid sequence: GSDYKD-DDDKGS), and a control peptide (amino acid sequence: SGSM-VPEFSGSFPMRG), which can be detected via immunostaining. In Figure 2C , a chessboard pattern transfer is shown to demonstrate the specific transfer (Section 1.9, Supporting Information).
Small Methods 2017, 1700205 Only the peptide spots with the alkyne were transferred to an azide surface via click chemistry. D) Transfer of the peptide dimer to an already purified peptide array, after blocking of the free alkynes and deprotection of the alkyne of the peptide dimer to enable assembled peptide structures with three peptides via click chemistry. E) Transfer to an azide surface to assemble assembled peptide structures with two peptides via click chemistry.
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First, an HA peptide was coupled to the Rink-Amide-Linker on a 10:90-PEGMA-co-MMA surface, which was afterward functionalized with the trifunctional linker (Figure 2A) .
After cleaving the peptides with the trifunctional linker from the acid sensitive Rink-Amide-Linker in TFA vapor, a transfer to a second peptide array, functionalized with a photo-linker with an alkyne on the N-terminal FLAG variant, was done via click chemistry ( Figure 2B) .
For the transfer, a custom-built machine was used [31] which presses a surface, containing cleaved peptides, onto a second array surface. The reaction medium between the two surfaces allows the diffusion of the cleaved peptides, which couple to the second surface without loss of lateral resolution. This transfer serves as the purification step: only fully synthesized peptides, bearing the trifunctional linker, can couple. We demonstate the specific transfer via click chemistry and the possibility to generate purified high-density peptide arrays with the multistep transfer in the Supporting Information. To increase the folding freedom of the peptides of the assembled peptide structure, a four to six amino acids long spacer between the peptide and the trifunctional linker can be introduced. Then, the free remaining alkynes were blocked via click chemistry with azido acetic acid in order to transfer only the desired peptide dimer. The alkyne of the trifunctional linker was deprotected and the peptides were cleaved with UV-irradiation. Finally, the second transfer to a third control peptide on a 10:90-PEGMA-co-MMA surface was accomplished via click chemistry to render the assembled peptide structure ( Figure 2D , Supporting Information). The mass of the assembled peptide structures was validated with MALDI-MS and the structures were successfully stained with Anti-HA DyLight 680 and Anti-FLAG DyLight 800.
Next, we synthesized purified assembled peptide structure arrays (Figure 3) . In a proof of principle, we used larger spots to assure that the spots of the transfer surfaces coincide. In the future, high-density assembled peptide structures should be accessible by using an automatic transfer machine with a higher accuracy (<5 µm). [32] To synthesize the first peptide array, we prestructured a surface with an fluorenylmethyloxycarbonyl(Fmoc)-glycinpentafluorophenol ester (OPfp) in a defined spot pattern ( Figure 3D ) with our laser-based cLIFT-method (see the Supporting Information). [33] After standard processing steps (see the Supporting Information), we coupled the presynthesized control peptide to the spot pattern from solution. Then, the N-terminus of the array was functionalized with the trifunctional linker ( Figure 3A) .
Two more arrays, one with the HA variant peptide and an alkyne (heptynoic acid), (heptynoic acid-GSYPYDVP-DYAGS) and one with FLAG variant peptide and an azide (Fmoc-Lys(N 3 )-OH), (NH 2 -Lys(N 3 )-GSDYKDDDDKGS), were created in the defined prestructured pattern ( Figure 3B,C) on surfaces, bearing a photo-linker. Then, the HA variant peptide on the second array was cleaved with UV-irradiation and transferred to the first peptide array, bearing the trifunctional linker ( Figure 3B ) and coupled via CuAAC. After deprotection of the alkyne on the dimer array, the cleaved FLAG variant peptides of the third array was transferred to the peptide dimer array and coupled via CuAAC ( Figure 3C ). The protecting groups of the side chains of the synthesized assembled peptide structures were deprotected and the transfer was detected via immunostaining with Anti-HA DyLight 680 and Anti-FLAG DyLight 800 ( Figure 3E,F) .
In summary, we show a novel method for the synthesis of purified assembled peptide structure arrays. Here, the unpurified peptides from arrays were cleaved and afterward transferred and purified (removing truncated sequences) in a single Small Methods 2017, 1700205 Figure 3 . Assembly of a peptide trimer in spots. A) Coupling of the trifunctional linker to a peptide array. B) Transfer of the HA-peptide array to the purified peptide array. C) Transfer of the FLAG-peptide array to the dipeptide array. D) Pattern of the structured arrays consisting of the HA and FLAG peptides, patterned with the cLIFT method (2.5, 5, 10 mm). E) Fluorescence scan of the generated assembled peptide structure array after Anti-HADyLight 680 incubation. F) Fluorescence scan of the generated assembled peptide structure array after Anti-FLAG-DyLight 800 incubation.
www.advancedsciencenews.com www.small-methods.com step. These structures were successfully assembled on surfaces and beads and were validated with MALDI-MS analyses and immunostaining. Such arrays offer great potential to investigate conformational and especially discontinuous binding sites. Together with more advanced positioning systems, our method will enable new low-cost high-density assembled peptide structure arrays.
Experimental Section
Assembled Assembled Peptide Structure on Surface via Transfer (Structured Synthesis): In contrast to the unstructured synthesis, the 10:90-PEGMAco-MMA surface was prestructured via cLIFT [31] to generate an array pattern. Therefore, Fmoc-Gly-OPfp was transferred and then coupled to the surface in the oven. Subsequently, peptide #1 (2.5 mg control peptide (Fmoc-SGSMVPEFSGSFPMRG-COOH, side chain protected)) was coupled as described before. After acetylation of the unreacted amine and Fmoc-deprotection of the amine, the trifunctional linker was coupled with a 50 × 10 −3 m solution of DIC and HOBt in DMF for 16 h. A second surface with free amines was structured via cLIFT with Gly-OPfp and functionalized with a 50 × 10 −3 m solution of the Fmoc-Photo-Linker with HBTU, DIPEA, and HOBt in DMF for 16 h. After acetylation and Fmoc-deprotection of the amine, a 50 × 10 −3 m solution of Fmoc-Gly-OPfp in DMF for 4 h was given to the surface. After acetylation of the unreacted amine and Fmoc-deprotection, the surface was functionalized with peptide #2 (2.5 mg, HA variant (Fmoc-GSYPYDVPDYAGS-COOH, side chain protected)) for 16 h. Heptynoic acid was coupled to the amine with DIC and HOBt in DMF for 16 h. After the cleavage with UV-irradiation, the HA-peptide array #2 was transferred to the array #1, bearing the trifunctional linker, with CuSO 4 , sodium ascorbate, DMSO, and H 2 O for 6 h. The triisopropylsilyl protecting group was removed with 1.00 mL TBAF in THF for 15 min. Then, the transfer via click chemistry of a peptide array #3 to peptide array #1 bearing the peptide dimer was done for 6 h. The peptide array #3 was built up on the structured Gly-surface, which was functionalized via cLIFT. The Fmoc-Photo-Linker (50 × 10 −3 m solution) was coupled with HBTU, DIPEA, and HOBt in DMF for 16 h. After acetylation and Fmoc-deprotection, coupling of Fmoc-Gly-OPfp in DMF for 4 h and repeated acetylation and Fmoc-deprotection, coupling of peptide #3 (FLAG variant (GSDYKDDDDKAGS) with HBTU, DIPEA, and HOBt in DMF for 16 h. Next, the coupling of Fmoc-Lys-N 3 -OH (50 × 10 −3 m) with DIC and HOBt in DMF for 16 h, acetylation, and Fmoc-deprotection was done. The side chain protecting groups of the peptides were cleaved via TFA, TIBS, and H 2 O in DCM for 1.5 h. The surface was incubated with Anti-FLAG DyLight 800 and Anti-HA DyLight 680 in PBS-T for 1 h to detect the successful transfer with fluorescent immunostaining.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the authors.
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